The nerve growth factor (NGF) and glial cell line-derived neurotrophic factor (GDNF) families of growth factors regulate the sensitivity of sensory neurons. The ion channels transient receptor potential vanilloid 1 (TRPV1) and transient receptor potential channel, subfamily A, member 1 (TRPA1), are necessary for development of inflammatory hypersensitivity and are functionally potentiated by growth factors. We have shown previously that inflamed skin exhibits rapid increases in artemin mRNA with slower, smaller increases in NGF mRNA. Here, using mice, we show that, in inflamed colon, mRNA for both growth factors increased with a pattern distinct from that seen in skin. Differences were also seen in the pattern of TRPV1 and TRPA1 mRNA expression in DRG innervating inflamed skin and colon. Growth factors potentiated capsaicin (a specific TRPV1 agonist) and mustard oil (a specific TRPA1 agonist) behavioral responses in vivo, raising the question as to how these growth factors affect individual afferents. Because individual tissues are innervated by afferents with unique properties, we investigated modulation of TRPV1 and TRPA1 in identified afferents projecting to muscle, skin, and colon. Muscle and colon afferents are twice as likely as skin afferents to express functional TRPV1 and TRPA1. TRPV1 and TRPA1 responses were potentiated by growth factors in all afferent types, but compared with skin afferents, muscle afferents were twice as likely to exhibit NGF-induced potentiation and one-half as likely to exhibit artemin-induced potentiation of TRPV1. Furthermore, skin afferents showed no GDNF-induced potentiation of TRPA1, but 43% of muscle and 38% of colon afferents exhibited GDNF-induced potentiation. These results show that interpretation of afferent homeostatic mechanisms must incorporate properties that are specific to the target tissue.
Introduction
Primary sensory neurons located in dorsal root ganglia (DRGs) are highly diverse in regards to their anatomical, neurochemical, and functional characteristics (Lawson, 1992) . Nociceptors, primary sensory neurons that detect noxious stimuli, innervate virtually every tissue in the body and are defined as C-, A␦-, or A␤-fibers, according to their conduction velocity and association with unmyelinated, lightly myelinated, or heavily myelinated axons, respectively. Nociceptors are also neurochemically characterized into peptidergic [expressing calcitonin gene-related peptide (CGRP) and/or substance P (SP)] and nonpeptidergic populations. Broad phenotypic differences exist between these subgroups of nociceptors; peptidergic nociceptors primarily express trkA and are regulated by nerve growth factor (NGF), whereas nonpeptidergic afferents primarily express ret and are regulated by the glial cell line-derived neurotrophic factor (GDNF) family of ligands (GFL) (Molliver et al., 1995) . Among trkA expressing C-fibers in mouse, approximately one-third also express GDNF family receptor ␣3 (GFR␣3), the specific coreceptor for artemin (ARTN), thereby rendering these afferents sensitive to both NGF and ARTN (Orozco et al., 2001) .
Our laboratory and others have shown that the contribution of specific nociceptor subtypes toward peripheral innervation varies depending upon the target tissue. For example, although cutaneous and visceral structures are innervated by both peptidergic and nonpeptidergic C-fibers, at least 70% of visceral afferents are peptidergic (Robinson et al., 2004; Christianson et al., 2006a; Fasanella et al., 2008) , whereas 70% of epidermal afferents are nonpeptidergic (Lu et al., 2001; Lindfors et al., 2006) . Interestingly, inflammatory hyperalgesia in both tissue types is regulated by nociceptors expressing the heat-gated channel transient receptor potential vanilloid 1 (TRPV1), which is predominantly expressed by peptidergic afferents and therefore more prevalent among visceral afferents than cutaneous (Caterina et al., 1997; Davis et al., 2000; Wick et al., 2006; Winston et al., 2007; Xu et al., 2007) . In all tissues, inflammation is also accompanied by increases in NGF and/or other growth factors Woolf et al., 1994; Bielefeldt et al., 2003; Malin et al., 2006) , which have been shown to sensitize nociceptors and produce hyperalgesia Shu and Mendell, 1999; Amaya et al., 2004; Malin et al., 2006; Schmutzler et al., 2009 ).
In the present study, we examined the relationship between TRP channels [TRPV1 and transient receptor potential channel, subfamily A, member 1 (TRPA1)] and growth factors in tissuespecific afferents. Peripheral tissues, such as skin, muscle, and viscera, are functionally specialized due to their exposure to distinct environmental stimuli. In this study, our central hypothesis is that sensory afferents innervating each tissue are also specialized in TRP channel and growth factor receptor expression, as well as in receptor coupling to intracellular signaling pathways. Examination of afferents innervating three different tissues (skin, muscle, and colon) revealed significant differences in TRPV1 and TRPA1 functional expression and subsequent growth factor modulation. Furthermore, inflammation in each of these tissues produced a different pattern of growth factor upregulation, paralleled by differential changes in primary afferent TRP channel mRNA expression. Our results indicate that, much like other nociceptor characteristics, the mechanisms regulating nociceptor plasticity are heterogeneous depending upon the peripheral target of the afferent.
Materials and Methods
Animals. Experiments were performed on 8-week-old male C57BL/6 mice (The Jackson Laboratory) housed in the Division of Laboratory Animal Resources at the University of Pittsburgh Medical Center. All research performed conformed to NIH guidelines and with procedures specified in the University of Pittsburgh Medical Center Animal Care and Use Protocols. All mice received water and food ad libitum.
Behavioral assay for growth factor potentiation of TRPV1 and TRPA1 responses. To determine whether growth factors potentiate TRPV1 or TRPA1 agonist effects in vivo, mouse hindpaws were injected with growth factor [100 ng of NGF, ARTN, neurturin (NRTN), and/or GDNF in 20 l of sterile saline] or 20 l of saline 30 min before either a subcutaneous injection of capsaicin (1 g in 5 l of 5% DMSO) or surface application of mustard oil (10% in ϳ10 l of mineral oil) on the plantar surface of the hindpaw. This growth factor concentration was used because previous studies have shown it produces thermal hyperalgesia without overt nocifensive behaviors . Nocifensive responses (paw licking, biting, and/or lifting) to TRPV1 (capsaicin) or TRPA1 (mustard oil) agonists were monitored for 5 min. At the end of the experiment, the extent of edema was also determined using a caliper to measure dorsoventral paw thickness. The amount of time that elapsed between application of capsaicin or mustard oil and measurement for edema was ϳ45 min (n ϭ 10 male mice per TRP agonist per growth factor).
Induction of inflammation of skin and colon. To inflame mouse hindpaws, mice were anesthetized with 4% inhaled isoflurane and 20 l of complete Freund's adjuvant (CFA) emulsion was injected into the plantar surface of the foot bilaterally. All mice showed substantial hindpaw edema 1-3 d after CFA injection using a caliper micrometer. To inflame the colon, 4-to 6-week-old mice were anesthetized with 4% inhaled isoflurane and 0.25 mg of trinitrobenzene sulfonic acid (TNBS) in 50 l of 50% EtOH was infused into the colon using a 26 ga gavage needle. At each survival time point (naive baseline, 1, 4, 7, and 14 d after CFA or TNBS treatment), five adult male mice were given an overdose of Avertin anesthetic and transcardially perfused with 25 ml of ice-cold 0.9% saline. For CFA-treated mice, bilateral L2-L5 DRGs were collected on dry ice and immediately processed for RNA isolation. For TNBS-treated mice, the distal 2 cm colon segment was removed and halved lengthwise for myeloperoxidase (MPO) assay and RNA isolation. Bilateral L5-S1 DRGs were also removed from these mice and processed for RNA.
Analysis of growth factor mRNA in colon and TRPV1 and TRPA1 mRNA in skin and colon neurons. Tissue from each animal was processed separately. RNA was isolated by homogenizing frozen tissue in 2 ml (colon) or 0.5 ml (DRG) of Trizol reagent (Invitrogen) followed by isopropanol precipitation. Pellets were washed with 70% ethanol, suspended in RNase-free water, and the concentration determined using a GeneQuant RNA/DNA calculator (GE Healthcare). Five micrograms of RNA was treated with DNase (Invitrogen) to remove genomic DNA, and then 1 g was reverse transcribed using SuperScript II reverse transcriptase (Invitrogen).
Real-time PCR was used as previously described (Molliver et al., 2005) to determine the level of expression of growth factor mRNA in the colon and TRPV1 and TRPA1 expression in sensory neurons innervating the hindpaw (DRG L2-L5) and colon (DRG L5-S1) following CFA-induced footpad or TNBS-induced colon inflammation, respectively. Primers optimized for real-time PCR were designed using Oligo software (Molecular Biology Insights). SYBR Green PCR amplification was performed using an Applied Biosystems 5700 real-time thermal cycler. After amplification, a dissociation curve was plotted against melting temperature to ensure amplification of a single product. All samples were run in triplicate and control reactions were run without template and with the reverse transcriptase control reaction products as negative controls with every amplification run. The relative fluorescence of SYBR Green bound to double-stranded DNA was compared with a passive reference for each cycle. Threshold cycle (Ct) values, the cycle number in which SYBR Green fluorescence rises above background, were recorded as a measure of initial template concentration. Relative fold changes in RNA levels were calculated by the ⌬⌬Ct method using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a reference standard (Livak and Schmittgen, 2001; Schmittgen and Livak, 2008) : Ct values from triplicate samples were averaged and then subtracted from the reference standard, yielding ⌬Ct. The differences between the ⌬Ct of the different genes or of the experimental and control groups were then calculated (⌬⌬Ct). The relative fold change was determined as 2
Ϫ⌬⌬Ct . Primer sequences were as follows (5Ј-3Ј): NGF (tccaatcctgttgagagtgg; caggctgtgtctatgcggat); ARTN (ctcagtctcctcagcccg; tccacggtcctccaggtg); GDNF (aaggtcaccagataaacaagcgg; tcacaggagccgctgcaatatc); NRTN (ggatgtgccaggagggtctg; caggtcgtagatgcggatgg); GAPDH (atgtgtccgtcgtggatctga; gctgttgaagtcgcaggagaca); TRPV1 (cccattgtgcagattgagcat; ttcctgcagaagagcaagaagc); TRPA1 (gcaggtggaacttcataccaact; cactttgcgtaagtaccagagtgg).
PCR cytokine/cytokine receptor assays for analysis of skin and colon inflammation. To compare the inflammatory milieu of CFA-inflamed skin and TNBS-inflamed colon SABiosciences PCR arrays were used (catalog #PAM011). These arrays consist of 98-well plates that contain primers for 84 different cytokines, cytokine receptors, as well as, internal standards. Hindpaw skin was removed 3 d after CFA injection (the time of maximal inflammation), and colon was collected 1 d after TNBS treatment (time of maximal myeloperoxidase activity). RNA was extracted as described above and processed for SYBR Green PCR amplification according to the manufacturer's directions. Four inflamed colons and four footpads were compared with four naive controls for each tissue. Manufacturer's proprietary software (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php) was used to calculate fold changes in mRNA expression and to conduct statistical analysis (Student's t test; significance, p Ͻ 0.05).
Single-cell PCR for detection of TRPA1 and TRPV1 in cutaneous afferents. To validate the percentage of neurons expressing functional TRPV1 and TRPA1 channels (as determined by calcium imaging) in muscle and cutaneous afferents, saphenous and femoral nerves were labeled with wheat germ agglutinin (WGA) as described above, and the L2-L4 DRGs were removed, dissociated, and grown acutely in culture (ϳ2 h). We also used these cells to determine the distribution of GFR␣1 and GFR␣2 expression, as these receptors are thought to be present in TRPV1-and TRPA1-expressing afferents at only low levels (below). Individual WGA-labeled neurons were collected with large-bore (ϳ50 m) glass pipettes and expelled into microcentrifuge tubes containing reverse transcriptase mix (Invitrogen). For each experiment, negative controls consisted of omitting reverse transcriptase or using a cell-free bath aspirate as template. The first-strand cDNA was used as template in a PCR reaction containing 1ϫ GoTaq reaction buffer (Promega), 20 mM outer primers (nested primers were used to maximize sensitivity), 0.2 mM dNTPs, and 0.2 ml GoTaq DNA polymerase (Promega); primer sequences are listed in Table 1 . Each initial PCR product served as template in a subsequent PCR using a nested primer pair, the products of which were electrophoresed on 2% agarose-ethidium bromide gels and photographed. Only samples producing detectable amplification of a positive control housekeeping gene (GAPDH) were analyzed for TRPA1 and TRPV1.
Myeloperoxidase assay. Myeloperoxidase activity was measured in distal colon to quantify the extent of neutrophil activation following intracolonic TNBS administration. Briefly, the distal 2 cm of colon was dissected, and the fecal matter, excess blood vessels, and mesentery were removed. The tissue was weighed, added to a beaker containing 1 ml of 0.5% hexadecyltrumethylammonium bromide (HTAB) (Sigma-Aldrich) and finely minced using spring scissors. The solution was transferred to a 15 ml centrifuge tube along with another 2 ml of HTAB and sonicated for 10 s before being homogenized for 30 s. Another 2 ml of HTAB was added, and the tube was placed on dry ice until all samples were similarly collected. The samples underwent three freeze-thaw cycles, were centrifuged twice, and loaded, along with MPO standards (Calbiochem), onto a 96-well plate. The samples and standards were reacted with O-dianisidine dihydrochloride (Sigma-Aldrich) and read on a plate reader at 460 nm every 20 s for 15 min. The slope for each standard reading was calculated and plotted and the slope of those values was used to calculate the units of MPO activity/ tissue weight for each sample.
Retrograde labeling of tissue-specific afferents. Six-to eight-week-old adult male C57BL/6 mice obtained from The Jackson Laboratory were used for all experiments. All surgical procedures were performed under sterile conditions in a designated animal surgery area. Mice were anesthetized by inhaled isoflurane (4% for induction, 2% for maintenance). For each of the structures that were examined, specific retrograde markers were used (below). These markers were chosen because previous studies had found that they labeled the greatest number of afferent fibers projecting to these targets (Wang et al., 1998; Christianson et al., 2006b) .
For colon injections (n ϭ 148 mice), a laparotomy was made to expose the pelvic viscera. Using a Hamilton microsyringe (33 ga needle), a single 5 l injection of Alexa Fluor 488-conjugated cholera toxin-␤ (CTB) (2 mg/ml) was made beneath the serosal layer in the distal region of the colon, 1 cm proximal to the anus. The colon was swabbed to remove any excess of tracer, the wound was sutured and the mice recovered for 4 d. Previously, we have applied 5 l of CTB onto the serosal surface of the distal colon (and adjacent tissues) to determine the extent of retrograde labeling that might arise from dye leakage. On average, this resulted in only two CTB-positive cells per section in the L6 ganglia (Christianson et al., 2006a) .
To label muscle (n ϭ 72 mice) and skin afferents (n ϭ 122 mice), both right and left femoral or saphenous nerves were exposed and ϳ0.5 l of Alexa Fluor 488-conjugated WGA (2%) was injected into the nerve using a glass electrode and nitrogen-driven Picospritzer system. Saphenous nerve injection was performed at midthigh level (distal to muscle branch); femoral nerve injection was performed at groin level (distal to saphenous branch). To prevent leakage of tracer to surrounding tissues, Parafilm (Thermo Fisher Scientific) was placed under the nerves before injection and ϳ30 l of gelatin (10% in 0.1 M phosphate buffer) was applied following injection to seal the nerve sheath. The incision sites were sutured and the animals were allowed to recover for 3 d. Each mouse received a single type of nerve injection. Very few (Ͻ1%) labeled neurons were detected in culture when dye was applied onto the outside of the nerve without injection into the sheath, suggesting that leakage effects are minimal.
Calcium imaging. Mice were given an overdose of Avertin anesthetic and transcardially perfused with 4°C Ca 2ϩ /Mg 2ϩ -free HBSS (Invitrogen). Bilateral L2-L4 or L5-S1 DRGs were dissected into HBSS for saphenous/femoral or colon injected mice, respectively, and ganglia were dissociated as previously described (Malin et al., 2007) . Cells were plated in F12 media (Invitrogen) containing 10% fetal calf serum and antibiotics (penicillin/streptomycin, 50 U/ml), with no additional growth factors added to the culture medium. Ca 2ϩ imaging was performed 18 -24 h after plating. Before imaging, the cells were incubated with 2 M fura-2 (Invitrogen) in HBSS containing 5 mg/ml BSA (Sigma-Aldrich) for 30 min at 37°C. Coverslips were mounted on an Olympus inverted microscope stage with constantly flowing buffer at 5 ml/min. Perfusion rate was controlled with a gravity flow system (Warner Instruments), and perfusate temperature was maintained at 30°C using a heated stage and an in-line heating system (Warner Instruments). Drugs were delivered with a rapid-switching local perfusion system. Firmly attached, refractile cells containing retrograde label (skin, muscle, and colon neurons) were identified as regions of interest in the software (Simple PCI; C-Imaging). All fields were first tested with brief application (4 s) of 50 mM K ϩ (high K ϩ ) and Ca 2ϩ transients were imaged to standardize pipette placement and to ensure that cells were healthy and responsive. Only cells responsive to high K ϩ application were analyzed further. In the standard protocol, cells were first tested with two to three presentations of capsaicin (1 M) or mustard oil (100 M) at 10 min intervals. Capsaicin at 1 M was found to elicit a response Ͼ0.1 ⌬F 340/380 from the maximal number of cells and could be applied repeatedly without significant loss in the number of responding cells over more than four applications. Mustard oil at 100 M was also found to elicit a response Ͼ0.1 ⌬F 340/380 from the maximal number of cells; however, repeated mustard oil presentations showed significant loss in the number of responding cells over more than four applications due to pronounced tachyphylaxis. Mustard oil and capsaicin were sequentially applied at 40 min intervals to determine the extent of TRPV1 and TRPA1 overlap in identified afferents; percentage responders for each agonist did not vary with agonist presentation order. Absorbance data at 340 and 380 nm were collected at one frame per second. Responses were measured as the ratio of 340/380 nm excitation and 510 nm emission (⌬F 340/380 ; DG4; Sutter Instrument). Peak responses Ͼ0.1 ⌬F 340/380 were included in the analysis and were easily distinguishable from optical noise (Ͻ0.02 ⌬F 340/380 ). Mean Ϯ SEM data (peak and area ⌬F 340/380 ) presented are derived from the initial agonist presentation. Non-retrogradely labeled cells within the imaging field provided a positive control for TRPV1 and TRPA1 agonist application.
Capsaicin and mustard oil response data were obtained before and after a 7 min perfusion of growth factor (100 ng/ml NGF, GDNF, ARTN, or NRTN). Capsaicin and mustard oil experiments were performed on separate coverslips, and responses to individual growth factors were also tested separately. Responses were then allowed to recover to determine the time course of growth factor action on TRPV1 and TRPA1 (generally Ͻ30 min). Growth factors were also tested sequentially to determine the extent to which TRPV1 and TRPA1 are modulated by multiple trophic factors. Ca 2ϩ response area data is presented as the ratio of post-growth factor capsaicin and mustard oil responses to naive capsaicin and mustard oil responses in individual cells (⌬F area ). Two sets for primers were used for single-cell analysis to increase sensitivity. GAPDH PCR was run first, and only cells that exhibited GAPDH mRNA were tested for TRPV1 and TRPA1.
Capsaicin (Sigma-Aldrich) was dissolved in 1-methyl-2-pyrrolidinone to create a 10 mM stock solution; 1.0 M capsaicin was made fresh daily in HBSS. Mustard oil (Fluka) was dissolved in 1-methyl-2-pyrrolidinone to create a 100 mM stock solution and diluted to 100 M in HBSS. All mustard oil solutions were made fresh every 3 h, and mustard oil stocks maintained under nitrogen. Aliquots of NGF (Harlan), ARTN (R&D Systems), NRTN (R&D Systems), and GDNF (Calbiochem) at 10 mg/ml in HBSS were stored at Ϫ20°C and diluted in HBSS immediately before use. Growth factor concentrations are given in nanograms per milliliter; these factors have similar molecular weights (in kDa: 26 NGF, 24 ARTN, 23 NRTN, 30 GDNF). However, it is worth noting that, because GDNF weighs slightly more than NGF, NRTN, or ARTN, the molar concentration of GDNF is slightly less than the other growth factors at the same nanogram per milliliter dose.
Statistical analysis. Calculations were made using Microsoft Excel and statistical analysis performed using Mann-Whitney, one-way or twoway ANOVA followed by an appropriate posttest (GraphPad Prism; GraphPad Software) as indicated in the figure legends. All data are expressed as mean Ϯ SEM. A value of p Ͼ 0.05 was considered significant.
Results

Inflammation increases growth factor and TRP expression differentially in skin and colon
Previous studies have reported changes in growth factor expression in inflamed skin (Ji et al., 2002; Amaya et al., 2003 Amaya et al., , 2004 Malin et al., 2006) . Specifically, we reported that ARTN mRNA increases 10-fold in skin within 24 h of CFA injection; this change is followed by slower and more modest increases in NGF and NRTN mRNAs ). In the current study, we investigated the effects of inflammation on growth factor mRNA expression in the colon to determine whether different tissues have unique patterns of inflammation-induced growth factor expression. Intracolonic administration of TNBS produced a robust inflammation, lasting up to 14 d, as measured by myeloperoxidase assay (Fig. 1 A) . An approximately twofold increase in both NGF and ARTN mRNAs was observed 4 d after TNBS administration ( Fig. 1 B) . This is a smaller and slower increase in ARTN and similar, yet faster, increase in NGF when compared with CFA-induced inflammation in the hindpaw . GDNF mRNA expression increased more slowly and did not become significantly elevated until day 14 post-TNBS treatment, unlike following CFA-induced hindpaw inflammation, which produces a significant decrease in GDNF mRNA expression . NRTN mRNA decreased almost immediately and remained reduced from baseline for at least 14 d, similar to our previous observations following hindpaw inflammation.
The observed difference in TRPV1 and TRPA1 seen in skin and colon afferents following inflammation of their respective target tissues suggested that inflammation in these two tissues was not equivalent. That is, CFA-induced inflammation of skin and TNBS-induced inflammation of the colon induced tissuespecific changes in the inflammatory milieu. To examine this issue real-time PCR arrays (SABiosciences) were used to quantify the level of 84 different cytokines or cytokine receptors following induction of inflammation using two of the most common methods of inflaming skin and colon. Tissue from skin and colon were collected and analyzed at the time point of maximal inflammation as indicated by behavioral hypersensitivity and swelling for skin (3 d after injection) or maximal myeloperoxidase activity for colon (1 d after TNBS).
In terms of mRNA expression, inflammation of these tissues resulted in very different cytokine mRNA profiles (supplemental Tables 1, 2 , available at www.jneurosci.org as supplemental material). In skin, 35 of 84 cytokine or cytokine receptor genes exhibited significant changes ( p Ͻ 0.05, Student's t test); 24 were increased, while 11 were decreased. In colon, 19 genes exhibited changes, with 7 of these showing an increase. Of the genes that were changed in the inflamed colon, only 5 were altered in a similar manner in skin (i.e., increased or decreased in both skin and colon). ATP binding cassette subfamily 1 (ABCf1) was decreased 25 and 50% in colon and skin, respectively. In a gene linkage study, ABCf1 has been identified recently as a protein that may contribute to susceptibility to autoimmune pancreatitis (Ota et al., 2007) . Not much is known of the function of this gene other than it may be involved in initiation of translation (Paytubi et al., 2009 ) and that it can be regulated by tumor necrosis factor (TNF) (Richard et al., 1998; Semov et al., 2002) . Interestingly, TNF was significantly upregulated in both inflamed skin and colon (2.1-and 3.6-fold, respectively). Another gene that is potentially regulated by TNF, chemokine receptor 2 (CCR2) (Subang and Richardson, 2001; Glabinski et al., 2003) , was also increased in skin and colon (3.6-and 2.1-fold, respectively). CCR2 is a ␤ chemokine receptor that binds a number of proteins in the MCP (monocyte chemoattractant protein) family. It is expressed on cells in the monocyte/macrophage lineage as well as on sensory neurons themselves (Oh et al., 2001; White et al., 2005) . Tollip, a protein that was originally identified as interacting with the interleukin 1 receptor (Il1r) (Burns et al., 2000) and more recently as a mediator of protein sumoylation (Ciarrocchi et al., 2009) , was decreased in both inflamed skin and colon (decreased 31 and 35%, respectively). Moreover, interleukin 1␤ (Il1␤), a proinflammatory cytokine that binds Il1r, is increased in both inflamed colon and skin (3.59-and 42.56-fold, respectively), suggesting that the Il1␤ pathway is common both to inflamed skin and colon.
These results show that, while there are important commonalities in CFA-inflamed skin and TNBS-inflamed colon, the cytokine profiles are unique. However, despite these differences, both ARTN and NGF are increased in both tissues, and these changes are correlated with an increase in the TRPV1 and TRPA1 in the neurons innervating both structures (below).
Changes in TRPV1 and TRPA1 mRNA expression in sensory neurons have been reported in models of inflammatory pain (Ji et al., 2002; Amaya et al., 2004; Molliver et al., 2005; Inflammation begins to resolve by day 4 but remains elevated for at least 2 weeks. B, The time course and magnitude of changes in growth factor mRNA levels in the colon during TNBSinduced colonic inflammation was measured by real-time PCR. NGF and ARTN exhibit parallel increases in expression that peak at day 4. GDNF increases more slowly and remains elevated at 2 weeks, whereas NRTN is immediately decreased and remains so for at least 2 weeks. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 versus naive; two-way ANOVA with Bonferroni's posttest. Error bars indicate SEM.
tissue, we examined TRP mRNA expression in sensory neurons following CFA application to the skin or TNBS application to the colon. Following induction of skin inflammation, expression of TRPV1 mRNA was increased in DRG projecting to the hindpaw (L2-L4) (Fig. 2 A) . This increase in TRPV1 expression was evident at 24 h and peaked at 4 d, as previously reported (Molliver et al., 2005; Malin et al., 2006) . TRPA1 mRNA expression was also increased, albeit on a slower time course, reaching significance at day 4 and peaking at day 7. Interestingly, TRP channel expression was differentially modulated following inflammation of the colon. Following TNBS instillation, a significant increase in TRPV1 expression in DRG projecting to pelvic viscera (L5-S1) was not observed until day 7, whereas TRPA1 expression was significantly increased within 24 h (Fig. 2 B) .
TRPV1 and TRPA1 function is potentiated by growth factors in vivo
Previous studies have shown that TRPV1 and TRPA1 channel functionality is potentiated in inflamed tissue, and mice containing null mutations for these channels exhibit decreased, or absent, inflammatory hyperalgesia (Caterina et al., 2000; Davis et al., 2000; Obata et al., 2005; Bautista et al., 2006; Kwan et al., 2006) . These data suggest a fundamental role for TRP channel modulation in inflammatory hyperalgesia. We have shown previously that a brief application of growth factor (NGF, ARTN, NRTN, or GDNF) can potentiate capsaicin-induced calcium transients in isolated sensory neurons . However, we could find no reports of similar potentiation in vivo. To investigate the ability of growth factors to modulate TRP channel function in vivo, TRPV1-or TRPA1-specific agonists (capsaicin or mustard oil, respectively) were applied to the plantar surface of wild-type mouse paws 30 min after injection of 20 l of growth factor (100 ng of NGF, ARTN, NRTN, and/or GDNF in saline) or saline, and the resulting nocifensive behaviors were observed and recorded. As shown in Figure 3 , pretreatment with growth factor significantly increased the number of nocifensive behaviors typically associated with capsaicin or mustard oil application (e.g., paw licking and biting), with the exception of GDNF that did not affect mustard oil responses. In addition, mustard oil-induced edema was increased in mice pretreated with all growth factors (percentage increase in mustard oil-induced edema following: saline, 15 Ϯ 2%; NGF, 27 Ϯ 1%; ARTN, 24 Ϯ 1%; NRTN, 24 Ϯ 1%; GDNF, 29 Ϯ 3%; p Ͻ 0.001, for all growth factors vs saline). Because of the highly penetrating nature of mustard oil preparation, the site of action for the production of edema is not clear. Data presented below indicate that GDNF does not potentiate TRPA1 responses of skin afferents and this is also supported by the lack of increased nocifensive behaviors when GDNF is applied before mustard oil. This suggests that the increase in edema seen following GDNF is due to its effect on structures in deeper tissues (and this may also be true for the other growth factors).
At the concentration used in these experiments, capsaicin produced redness, but no overt swelling. Importantly, no redness or swelling was observed following injection of growth factor (before capsaicin or mustard oil application) indicating that, at the concentrations used, growth factors do not induce edema on their own. Functional TRPV1 and TRPA1 channels are significantly less common in skin than in muscle or colon neurons Although exact numbers vary depending on species studied and methodologies used, most investigators agree ϳ50% of all C-fibers express TRPV1, and that at least one-half of these fibers also express TRPA1 (Bautista et al., 2005; Kobayashi et al., 2005; Elitt et al., 2006) . Because of its proposed role in thermal detection, TRPV1 was originally thought to be highly expressed among cutaneous afferents; however, it was ultimately shown to be more widely expressed among neurons innervating deeper structures (Zwick et al., 2002; Woodbury et al., 2004; Christianson et al., 2006b) . Given the extensive coexpression of TRPV1 and TRPA1, it could also be inferred that few cutaneous afferents would express TRPA1. To investigate this issue, retrograde tracers were used to label muscle afferents (via femoral nerve injection just proximal to its insertion into the vasti muscles), cutaneous afferents (via injections of the saphenous nerve, the largest cutaneous branch of the femoral nerve), and visceral (colon) afferents (via injections directly into the wall of the colon). Sensory neurons from L2-L4 DRG were isolated to obtain saphenous and femoral afferents, whereas sensory neurons from L5-S1 were used to examine colon afferents.
To determine the prevalence of functional TRPV1 and TRPA1 expression among skin, muscle, and colon neurons, Ca 2ϩ imaging was performed on isolated retrogradely labeled neurons during presentation of capsaicin and mustard oil. As expected, a significantly smaller percentage of skin afferents responded to capsaicin (31%), compared with 67% for muscle afferents and 74% for colon afferents (Fig. 4 A) . Similar results were seen for TRPA1 responses: 19% of skin afferents exhibited functional TRPA1 channels, whereas 53% of muscle afferents and 70% of colon afferents exhibited calcium transients in response to mustard oil (Fig. 4 D) . The size of the calcium signal was correlated or 10% mustard oil (B) was applied to the growth factor/saline injected hindpaw. Nocifensive behaviors were monitored for 5 min. NGF, ARTN, or NRTN preinjection increased the number of responses elicited by either capsaicin or mustard oil, compared with saline. GDNF was only effective in increasing the capsaicin response and had no effect on mustard oil responses. *p Ͻ 0.05, **p Ͻ 0.01 versus saline; one-way ANOVA with Dunnett's multiple-comparison test.
with the prevalence of both TRPV1 and TRPA1 responses. Skin afferents were not only less likely to respond to TRPV1 and TRPA1 agonists, but the calcium signals elicited by TRP agonists were significantly smaller (peak or area) than those recorded from either muscle or colon afferents (Fig. 4 B, C, E, F ) . This was especially true for TRPA1 responses in skin afferents, which averaged only 25% of those recorded from muscle or colon afferents.
Retrogradely labeled skin, muscle, and colon afferents were probed with both capsaicin and mustard oil to determine the overlap in functional TRPV1 and TRPA1 expression (Fig. 5) . Although all three populations of identified neurons contained similar percentages that responded to only one agonist, the percentage of neurons responding to both agonists was significantly smaller among skin neurons. In fact, more skin afferents responded to only one agonist (mustard oil only, 10%; capsaicin only, 22%) than responded to both (9%). In contrast, a significantly greater percentage of both muscle and colon neurons responded to both agonists (muscle, 39%; colon, 61%) than to either agonist alone, indicating different levels of coexpression for these two receptors among neurons that innervate more superficial structures versus those that innervate deeper structures.
Previous studies from our laboratories and others Elitt et al., 2008) suggested that the majority of TRPA1-expressing afferents also express TRPV1. The functional data described above suggest that, especially for cutaneous afferents, this is not the case. To validate this finding, cutaneous afferents were retrogradely labeled and analyzed by single-cell PCR to determine the percentage of afferents that express TRPV1 and/or TRPA1 mRNA. For these studies, cells were cultured acutely (ϳ2 h) to minimize changes that might occur in the dish. These single-cell studies reveal that the majority of cutaneous afferents that express TRP channel mRNA express either TRPV1 or TRPA1 but not both: only 10% (3 of 32) of backlabeled cutaneous afferents expressed both TRPV1 and TRPA1, whereas 22% (7 of 32) of cutaneous afferents express TRPV1 mRNA alone and 6% (2 of 32) expressed TRPA1 mRNA alone. Thus, the percentage of cutaneous afferents expressing mRNA for TRPV1 and/or TRPA1 was similar to that revealed in the calcium imaging studies.
The above experiments indicate that a significantly higher percentage of muscle and colon afferents express TRPV1 and TRPA1 compared with cutaneous afferents; however, these data do not provide an indication as to what percentage of TRPV1-or TRPA1-expressing afferents innervate skin, muscle, or colon. To address this question, we performed the opposite analysis of the above experiments and analyzed the percentage of capsaicinresponsive neurons in a given field that contained retrograde label from skin, muscle, or colon. In a typical field of sensory neurons isolated from L2-L4 DRG, ϳ49 Ϯ 3% of all neurons responded to capsaicin. Of those capsaicin-responsive neurons, only 15 Ϯ 2% were retrogradely labeled from saphenous nerve. Nearly twice as many capsaicin-responsive neurons, 33 Ϯ 2%, were retrogradely labeled from the femoral nerve. These data suggest that muscle afferents constitute a greater share of the TRPV1-expressing population than do skin afferents. This is further supported by the observation that twice as many neurons were retrogradely labeled by saphenous injection (six to seven cells per 40ϫ field) than by femoral injection (three to four cells per 40ϫ field); therefore, even though twice as many retrogradely labeled skin afferents were present in culture, muscle afferents were twice as likely to be among the capsaicin-responsive neurons. In a typical field of sensory neurons isolated from L5-S1 DRG, 58.0 Ϯ 1.0% responded to capsaicin. Of those capsaicinresponsive neurons, 5% Ϯ 1.0 were retrogradely labeled from the distal colon. Despite the relatively small number of backlabeled colon afferents in L5-S1, it likely that a large percentage of the nonlabeled capsaicin-responsive neurons are innervating other pelvic visceral structures based on the spinal distribution patterns of bladder (Christianson et al., 2007) and both male and female reproductive organs (Berkley et al., 1988 (Berkley et al., , 1990 Baron and Jänig, 1991; Keast and De Groat, 1992) . Although this experiment represents an incomplete survey of skin, muscle, and visceral afferents located in the lumbar DRG, the discrepancies be- imaging in vitro. Neurons innervating different target tissues showed substantial differences in the response kinetics to capsaicin (A-C; TRPV1) and mustard oil (D-F; TRPA1). Percentage responders for each agonist within the identified populations reveal fewer capsaicin and mustard oil responses in skin, compared with muscle and colon afferents. Representative traces of TRPV1 (A) and TRPA1 (D) responses from skin (black), muscle (red), and colon (blue) afferents are overlaid to illustrate differences in response size. Mean peak and area of capsaicin (B, C) and mustard oil (E, F ) responses are significantly smaller in skin afferents compared with muscle and colon afferents. *p Ͻ 0.01, ***p Ͻ 0.001 versus skin; Mann-Whitney test. Figure 5 . Coexpression of TRPV1 and TRPA1 is target tissue dependent. Ca 2ϩ imaging was performed to determine the percentage of retrogradely labeled skin, muscle, and colon neurons that respond to capsaicin and/or mustard oil. The percentage of neurons that express only TRPV1 (capsaicin responsive; black bar) or TRPA1 (mustard oil responsive; white bar) is not significantly different between the three afferent populations. In contrast, the percentage of neurons that express both TRPV1 and TRPA1 (hashed bar) is significantly larger in muscle and colon afferents than in skin afferents ( p Ͻ 0.01). Significantly more nonresponsive (gray bar) skin neurons are observed than muscle or colon neurons ( p Ͻ 0.01; one-way ANOVA with Dunnett's multiple-comparison test).
tween saphenous and femoral neurons and the significantly higher percentage of capsaicin-responsive neurons in lower lumbar DRG strongly suggest that most TRPV1-expressing, and presumably TRPA1-expressing, neurons are not innervating cutaneous structures.
Growth factors differentially potentiate TRPV1 and TRPA1 responses in afferents innervating skin, muscle, and colon
Both TRPV1 and TRPA1 responses show tachyphylaxis to repeated agonist applications (Fig. 6) (Shu and Mendell, 1999; Malin et al., 2006; Akopian et al., 2007) . We have previously demonstrated that NGF and GDNF family members can reverse capsaicin-induced tachyphylaxis in dissociated sensory neurons and even potentiate responses to repeated capsaicin application . We wanted to determine whether TRPV1 and TRPA1 responses in target-defined populations of sensory neurons are differentially modulated by exogenous growth factor application. Agonists for TRPV1 or TRPA1 were given at 10 min intervals and saline or growth factor (NGF, ARTN, NRTN, or GDNF) was present in the bath solution for 7 min between the first and second agonist presentations. For clarity, only those cells for which the size of the calcium signal in response to capsaicin or mustard oil after growth application was equal to or greater than that before growth factor application (i.e., post-growth factor/ pre-growth factor ratio Ն1) was considered to be potentiated. Figure 7 shows that the ability of growth factors to potentiate the response to capsaicin is highly specific for afferents innervating different tissues. For cutaneous afferents, ARTN was the most effective with respect to both the percentage of neurons affected (81%) and the size of this effect. NGF and NRTN potentiated TRPV1 in a similar percentage of skin neurons (52 and 56%, respectively), while GDNF potentiated the smallest percentage of TRPV1-expressing skin neurons. Among muscle afferents, NGF potentiated the greatest percentage of TRPV1 responses (79%); in contrast, GDNF potentiated the smallest percentage of TRPV1-expressing neurons and did not produce a significant increase in ⌬F area . All four growth factors similarly affected TRPV1 responses in colon afferents, with twice as many responding to NGF or ARTN than NRTN or GDNF. It should also be noted that, for all afferent types, NRTN potentiation of capsaicin responses often took longer to develop; that is, we needed to wait up to 20 min to see the potentiation of the capsaicin response (Fig. 7) . We have reported this previously . The reason for this difference is unknown but must be related to some unique property of the signaling pathway used by NRTN. This temporal difference is not universal for all NRTN effects as it was not seen for the mustard oil responses (Fig. 8) .
Mustard oil responses were potentiated in a similar percentage of neurons for all three classes of afferents by NGF, ARTN, and NRTN (Fig. 8) . However, several notable differences were observed. Most striking was the lack of GDNF-induced potentiation of mustard oil responses in skin neurons, whereas 43 and 38% of muscle and colon neurons, respectively, exhibited potentiation following GDNF exposure. It should be noted that the lack of potentiation by GDNF in cutaneous afferents could have been predicted from the behavioral results: GDNF was the only trophic factor that failed to increase nocifensive behavior induced by mustard oil application to the footpad (Fig. 3) .
Previous studies have shown that, in mouse, Ͼ90% of all GFR␣3-positive neurons, and 22% of GFR␣2-immunopositive afferents, express TRPV1 (Orozco et al., 2001; Elitt et al., 2006) . There is little data on the overlap between GFR␣1 and TRPV1 and no data on the overlap between any GFR␣ receptors and TRPA1. Moreover, while there is a general consensus that TRPV1 and TRPA1 are highly expressed in the peptidergic primary afferents [including the GFR␣3-population (Orozco et al., 2001 )], it is generally thought that nonpeptidergic neurons, including those that express GFR␣1 and GFR␣2 express little, if any, TRPV1 (Zwick et al., 2002) . Because the calcium imaging data indicated significant potentiation of TRPV1 and TRPA1 responses by GDNF and NRTN, we performed single-cell PCR to determine the percentage of cutaneous and muscle afferents that express GFR␣1 and GFR␣2 and what proportion of these neurons expressed TRPV1 and TRPA1 (Table 2) .
GFR␣1 and GFR␣2 are expressed at high levels in both cutaneous and muscular afferents, and it appears that, in a majority of cutaneous neurons, they are coexpressed as well. In both cutaneous and muscle afferents, a significant number of GFR␣1 neurons express TRPV1. TRPA1 is expressed in a minority of GFR␣1 cutaneous and muscle afferents. Although GFR␣2 is expressed in a smaller percentage of muscle afferents compared with cutaneous afferents, a greater percentage of muscle GFR␣2-expressing afferents express TRPA1.
Many of the cutaneous afferents potentiated by NGF showed barely detectable calcium signals in response to the first mustard oil application; only after exposure to NGF did they exhibit clear responses. Mustard oil responses from muscle and colon neurons were nearly identically affected by exposure to all growth factors tested, with the exception of GDNF, which elicited a greater magnitude of response in colon neurons (5.2 Ϯ 1.1-fold increase in ⌬F area ) than in muscle neurons (3.6 Ϯ 0.9). Interestingly, growth factor-induced increases in response magnitude were twofold to fourfold greater for TRPA1 than for TRPV1 in both muscle and colon neurons. Together, these data not only support previous evidence of growth factor potentiation of TRP channel function, they also illustrate the importance of considering the peripheral target when analyzing growth factor effects on sensory neurons, as these vary markedly between skin, muscle, and colon afferent populations .
To confirm the receptor specificity of the growth factor actions, we tested ARTN-induced potentiation in DRGs from mice containing a null mutation in GFR␣3 (Honma et al., 2002) . Both capsaicin and mustard oil responses were less prevalent among sensory neurons isolated from GFR␣3 Ϫ/Ϫ mice (supplemental Fig. 1 A, B , available at www.jneurosci.org as supplemental material). The magnitude of mustard oil response was also reduced in this genetic background, compared with wild-type mice (data not shown). As expected, ARTN did not potentiate capsaicin or mustard oil responses remaining in neurons lacking GFR␣3; however, NGF potentiation of both TRPV1 and TRPA1 remained unchanged in GFR␣3 Ϫ/Ϫ neurons (supplemental Fig. 1C-F , available at www.jneurosci.org as supplemental material). imaging of responses to repeated 1 M capsaicin (A) or 100 M mustard oil (B) application in isolated mouse DRG neurons reveals profound desensitization of TRPV1 (A) and TRPA1 (B) channels. Agonists were applied at 10 min intervals.
Target-specific afferents respond to different combinations of growth factors
Previous studies have demonstrated that sensory neurons commonly express multiple growth factor receptors and are therefore responsive to more than one growth factor, the expression of which is largely target dependent and can be greatly increased or decreased in pathological states (Fig. 1) . To determine the breadth of growth factor responsiveness of target-identified afferents, skin, muscle, and colon neurons were sequentially tested with all possible pairs of the four growth factors tested above (NGF, ARTN, NRTN, and GDNF) to evaluate their ability to potentiate capsaicin or mustard oil responses. No coverslip was tested with more than two growth factors and 30 min were allowed to elapse between growth factor applications, as we have previously demonstrated this interval sufficient to negate the effects of the first growth factor .
Analysis of capsaicin responses in skin neurons revealed that approximately one-half of the cells potentiated by ARTN were also potentiated by NGF (Fig. 9A), NRTN (Fig. 9D ), or GDNF (Fig. 9E) . Nearly every cutaneous afferent whose capsaicin response was potentiated by GDNF could also be potentiated by NGF (Fig. 9C), ARTN (Fig. 9E), or NRTN (Fig. 9F ) . Muscle afferents could be differentiated from cutaneous afferents in that there was a greater prevalence of NGF potentiation (Fig. 9A-C) and generally less overlap between growth factor potentiation of TRPV1 (Fig. 9A-F ) . Colon afferents were similar to muscle afferents, with the notable exception that Ͼ90% of capsaicinresponsive colon neurons exhibited potentiation by either ARTN or GDNF, but no cells could be potentiated by both growth factors (Fig. 9E) . There was also a significantly smaller percentage of colon neurons that were potentiated by both ARTN and NRTN than observed among skin or muscle neurons (Fig. 9E) . These data suggest a dichotomy in GFR␣ expression among populations of TRPV1-expressing colon afferents.
Within skin neurons, a significantly smaller percentage of mustard oil responses were potentiated by more than one growth factor (Fig. 10) , compared with capsaicin responses (Fig. 9) . Most strikingly, no mustard oil responses were potentiated by both NGF and NRTN (Fig. 10 B) , yet all capsaicin responses potentiated by NGF were also potentiated by NRTN (Fig. 9B) . Growth factor potentiation of mustard oil responses in colon neurons was not remarkably different from that of capsaicin responses, with the exception of a larger population responding to both NRTN and ARTN (Fig. 10 D) or GDNF (Fig. 10 F) . Interestingly, nearly 90% of mustard oil responses in colon neurons were potentiated by ARTN or GDNF with no neurons potentiated by both (Fig.  10 E) , similar to capsaicin responses in the same population (Fig.  9E) . Also of note is that nearly all TRPA1-expressing skin afferents are modulated by a growth factor, but most are modulated by only one [i.e., few neurons exhibited dual responsiveness when tested with growth factor pairs ( Fig. 10)] . This is quite different from the picture in TRPA1 muscle afferents, where all tested afferents are modulated by a growth factor, and the majority by more than one.
No TRPA1-expressing skin afferents responded to both NGF and NRTN (Fig. 10 B) , whereas Ͼ50% of TRPV1 skin afferents exhibited potentiation by both NGF and NRTN (compare Figs.  9B, 10B ). Equally striking, GDNF did not potentiate TRPA1 in Figure 7 . Growth factors differentially potentiate TRPV1 in target-defined sensory neurons. Ca 2ϩ imaging was used to determine the efficacy of NGF, ARTN, NRTN, or GDNF to potentiate capsaicin-evoked Ca 2ϩ signals in retrogradely labeled skin, muscle, and colon DRG neurons. Examples of Ca 2ϩ traces in response to capsaicin presentation before and after growth factor exposure are shown in A. Capsaicin (1 M) was applied at 10 min intervals with a 7 min application of growth factor (100 ng/ml) between the first and second capsaicin presentations. The percentage of capsaicin-responsive neurons potentiated by each growth factor is given above each representative trace. Fold changes in response area (⌬F area ) following growth factor application are shown for skin (B), muscle (C), and colon (D) neurons. All four growth factors tested potentiate capsaicin responses in skin, muscle, and colon afferents; however, the prevalence and magnitude of the effects vary with target tissue. The greatest ARTN-and GDNF-induced potentiation is observed among skin afferents. *p Ͻ 0.05 versus untreated; Mann-Whitney test.
skin afferents (Fig. 10C) , whereas 40% of TRPV1-expressing afferents were potentiated by GDNF (Fig. 9C ).
Discussion
Although activated by multiple stimuli, TRP channels are still best known for their ability to transduce thermal stimuli (McKemy et al., 2002; Jordt et al., 2003; Tominaga and Caterina, 2004; Caterina, 2007; Latorre et al., 2007; Willis, 2007) even though animals lacking functional TRPV1 or TRPA1 have little or no loss of thermal sensitivity (Caterina et al., 2000; Davis et al., 2000; Bautista et al., 2006; Kwan et al., 2006) . The results presented here indicate that afferents that are normally not exposed to noxious temperatures (i.e., muscle and colon afferents) express TRPV1 and TRPA1 in higher percentages, exhibit larger agonistactivated calcium signals, and can exhibit greater growth factorinduced potentiation than that seen in afferents that commonly receive noxious thermal stimuli (i.e., cutaneous sensory neurons). This in no way diminishes the importance of these channels. On the contrary, our results suggest that these channels are more widely expressed and may be even more important for nociceptor function than previously thought.
TRPV1 and TRPA1 are regulated by inflammation
The data presented here confirm previous studies showing that both TRPV1 and TRPA1 mRNA in DRG are increased following CFA injection into the skin (Ji et al., 2002; Amaya et al., 2004; Obata et al., 2005; Malin et al., 2006; Diogenes et al., 2007; Xu et al., 2007) or TNBS inflammation in the colon (De Schepper et al., 2008a,b; Yang et al., 2008) , but with differing time courses depending on the site of inflammation. Expression of NGF and GDNF family members is coincidentally increased in inflamed tissues and also with a distinct pattern of expression for cutaneous versus visceral structures. Linking these two observations together, we demonstrated that pretreatment of skin with growth factors potentiates nocifensive behaviors evoked by capsaicin or mustard oil application, suggesting that coordinated changes in growth factor expression during inflammation directly contribute to hyperalgesia by functional potentiation of TRPV1 and TRPA1.
Distribution of functional TRPV1 and TRPA1 channels in primary sensory neurons
One of the goals of the present study was to define the percentage of TRPV1-and TRPA1-expressing sensory neurons that innervate each of the examined target tissues. Because of the density of innervation, cutaneous and muscular structures are likely to ac- Figure 8 . Growth factors differentially potentiate TRPA1 in target-defined sensory neurons. Ca 2ϩ imaging was used to examine the efficacy of NGF, ARTN, NRTN, or GDNF to potentiate mustard oil-evoked Ca 2ϩ signal in retrogradely labeled skin, muscle, and colon DRG neurons. Examples of Ca 2ϩ traces in response to mustard oil presentation before and after growth factor exposure are shown in A. Mustard oil (100 M) was applied at 10 min intervals with a 7 min application of growth factor (100 ng/ml) between the first and second mustard oil presentations. The percentage of mustard oil-responsive neurons potentiated by each growth factor is given above each representative trace. Fold changes in response area (⌬F area ) following growth factor application are shown for skin (B), muscle (C), and colon (D) neurons. Potentiation of TRPA1 by NGF, ARTN, or NRTN is comparable between all populations, whereas GDNF is ineffective at potentiating TRPA1 responses in skin neurons. *p Ͻ 0.05 versus untreated; Mann-Whitney test.
Table 2. Percentage of cutaneous and muscle afferents expressing TRP channels and GFR␣ receptors
Gene(s) % Cutaneous (n ϭ 32) % Muscle (n ϭ 23) GFR␣1 5 6 5 8 GFR␣2 5 6 2 4 GFR␣2/GFR␣1 6 1 3 5 TRPV1/GFR␣1 3 9 4 2 TRPA1/GFR␣1 1 7 2 1 TRPV1/GFR␣2 1 7 5 0 TRPA1/GFR␣2 1 1 5 0
The percentage of GFR␣1-and GFR␣2-expressing neurons are presented first followed by the percentage of GFR␣1-or GFR␣2-expressing cells that also express a second gene (e.g., 39% of cutaneous GFR␣1-expressing neurons also express TRPV1).
count for the majority of all sensory neurons in a given DRG. Visceral afferents have been proposed to make up, at most, 5-8% of all sensory neurons (Cervero, 1994; Gebhart and Bielefeldt, 2006) . To assess the relative frequency of TRPV1 expression within skin, muscle, and colon neurons, we performed two different experiments. In the first, an unbiased survey was conducted of capsaicin responses in random fields of target-labeled isolated sensory neurons. Femoral muscle afferents accounted for ϳ33% of all capsaicin-responsive neurons, whereas saphenous skin afferents accounted for only 15% of all capsaicin-responsive afferents. Colon afferents accounted for only 5% of all capsaicinresponsive neurons in L5-S1; however, there was a significantly higher percentage of capsaicin-responsive neurons within these ganglia, which primarily innervate visceral structures (Berkley et al., 1988 (Berkley et al., , 1990 Baron and Jänig, 1991; Keast and De Groat, 1992; Berkley, 2005; Christianson et al., 2007) , than observed in L2-L4, suggesting that TRPV1 is highly prevalent among visceral neurons. In the second experiment, backlabeled cells were tested individually for responses to TRPV1 or TRPA1 agonists. Again, the percentage of capsaicin and/or mustard oil responsive muscle or colon neurons was over twice that of skin neurons. Because there are other pure cutaneous nerves as well as mixed nerves that arise from these ganglia, it is not possible to provide exact percentages of total skin, muscle, or colon TRPV1 and TRPA1 neurons present in L2-L4 or L5-S1 DRG. However, our results strongly suggest that muscle neurons constitute a substantially higher percentage of the TRPV1-and/or TRPA1-expressing population of L2-L4 ganglia than do skin neurons. Interestingly, the extent of overlap between TRPV1 and TRPA1 varies between different target-identified populations: skin afferents show little overlap, while most colon and muscle afferents respond to both TRPV1 and TRPA1 agonists. This result suggests that previous reports of high overlap in TRPV1 and TRPA1 expression within total DRG may be reflecting data derived from muscle and visceral afferents, rather than skin afferents. The structure(s) within the muscle and colon innervated by these fibers is unknown; however, one candidate is the vasculature. Most TRPV1 and TRPA1 afferents are peptidergic and virtually all vascular afferents express the neuropeptide CGRP and/ortheARTNreceptorGFR␣3 (Gibbinset al., 1985; Burnstock, 1987; Kruger et al., 1989; Holzer, 1998; Honma et al., 2002) . Moreover, ARTN is normally expressed in the smooth muscle of arteries and arterioles (Honma et al., 2002) . This raises the possibility that some "muscle" afferents do not directly innervate muscle fibers, but instead regulate muscle homeostasis, acting as metaboreceptive afferents (Light et al., 2008) . These results also reinforce the often-overlooked observation that TRPV1 and TRPA1 are expressed more widely than generally appreciated. IB4-binding DRG neurons are generally thought of as a distinct population of nociceptors that express Ret and do not overlap with neurons expressing TrkA, neuropeptides, and TRPV1 or TRP〈1. However, this view of a simple dichotomy between peptidergic and nonpeptidergic neurons is misleading and belies the diversity of nociceptor populations (Carr et al., 1990) . Ret is expressed in 60 -65% of rat DRG neurons, including both nociceptors and large-diameter low-threshold mechanoreceptors, whereas IB4 binds 35-40% of DRG neurons (Molliver Figure 9 . Growth factor potentiation profile of TRPV1 responses is target tissue dependent. Ca 2ϩ imaging was used to determine the overlap of NGF, ARTN, NRTN, and GDNF potentiating effects on TRPV1 responses in retrogradely labeled skin, muscle, and colon DRG neurons. Capsaicin (1 M) was applied to obtain a baseline response followed by growth factor (100 ng/ml) treatment for 7 min and a second application of capsaicin (1 M). Following a 30 min rest period to allow for recovery from the first growth factor treatment, the same protocol was repeated using a second growth factor. Fold changes in response area (⌬F area ) were calculated and the percentage of potentiated cells (Ͼ1-fold change in ⌬F area ) was determined. Pie charts show the percentage of TRPV1-expressing afferents potentiated by each pair of growth factors for each target-defined population (n ϭ 811 capsaicinresponsive neurons). The percentage of cells that responded to both NGF and ARTN (purple wedge) is similar (ϳ40%) in all target tissues (A). Interestingly, TRPV1 responses in skin neurons were more likely to be potentiated by both growth factors in all pairs than in either muscle or colon afferents (B-F ). The majority of TRPV1 responses in skin and colon neurons can be potentiated by ARTN (E, pink wedge) or GDNF (green wedge), and the overlap between the two growth factors (yellow wedge) is robust in skin afferents, constituting nearly every GDNF-responsive neuron, yet is completely absent in colon afferents.
and Snider, 1997; Bennett et al., 1998) . Only approximately one-half of GFR␣1-positive and 78% of GFR␣2-positive neurons are IB4-positive. Multiple laboratories have identified a significant minority of neurons that coexpress Ret and TrkA (Bennett et al., 1998; Kashiba et al., 2003) . The bulk of this population appears to express GFR␣3, and nearly all GFR␣3-positive neurons express TRPV1 (Orozco et al., 2001; Malin et al., 2006) . Furthermore, 13% of TrkA-positive neurons were reported to have binding sites for GDNF (Molliver and Snider, 1997) , and up to 20% of TRPV1 neurons in L4 ganglia express GFR␣2 . Supporting a role for GFL in the modulation of TRPV1, administration of GDNF, NRTN, or ARTN increased capsaicinevoked CGRP release in vitro (Price et al., 2005; Schmutzler et al., 2009 ).
Growth factors differentially potentiate TRPV1 and TRPA1 responses
In this study, we report the novel finding that behavioral responses to TRPV1 and TRPA1 agonists are significantly enhanced by growth factor pretreatment. Both capsaicin and mustard oil responses showed significant tachyphylaxis that was blocked and/or potentiated by growth factors, a finding that, with the exception of NGF (Diogenes et al., 2007) , has not been previously reported for TRPA1. Interestingly, the efficacy and scope of growth factor modulation of TRPV1 and TRPA1 was dependent on both the target tissue of the neuron and the ion channel examined. Growth factor potentiation of TRPV1 and TRPA1 in skin afferents is quite distinct, presumably due to the relatively low prevalence of TRP channel coexpression within this population, compared with muscle or colon neurons. TRPV1 is modulated most effectively by ARTN in skin afferents, whereas TRPA1 is potentiated equally by NGF, ARTN, or NRTN. GDNF does not potentiate TRPA1 in skin afferents, despite potentiating ϳ40% of TRPV1 responses in the same population.
Growth factor potentiation of TRPV1 and TRPA1 within muscle afferents did not significantly vary, presumably due to the significant overlap in TRPV1 and TRPA1 expression. One exception was the observation that NGF alone potentiated a significantly larger proportion of TRPV1 responses within muscle neurons, whereas GDNF alone potentiated a significantly larger proportion of TRPA1 responses. Coexpression of both TRPV1 and TRPA1 was greatest among colon afferents (ϳ60%), and, accordingly, these channels were similarly modulated by all four growth factors, with the exception of GDNF or NRTN alone potentiating a larger percentage of TRPA1 responses than TRPV1 responses. Furthermore, in both muscle and colon neurons, the magnitude of growth factor potentiation was significantly greater for TRPA1 than for TRPV1, suggesting that, despite their coexpression within the same neurons, TRPA1 may be more sensitive to growth factor modulation than TRPV1.
These studies were motivated in part by a growing realization that rigorous investigation of the mechanisms underlying primary afferent plasticity is unlikely to succeed if we assume that neurons expressing the same channels are regulated identically, re- Figure 10 . Growth factor potentiation profile of TRPA1 is target tissue dependent. Ca 2ϩ imaging was used to determine the overlap of NGF, ARTN, NTRN, and GDNF potentiating effects on TRPA1 responses in isolated skin, muscle, and colon DRG neurons. Mustard oil (100 M) was applied to obtain a baseline response followed by growth factor (100 ng/ml) treatment for 7 min and a second mustard oil (100 M) application. Following a 30 min rest period to allow for recovery from the first growth factor treatment, the same protocol was repeated using a second growth factor. Fold changes in response area (⌬F area ) were calculated and the percentage of potentiated cells (Ͼ1-fold change in ⌬F area ) was determined. Pie charts show the percentage of TRPA1-expressing afferents potentiated by each pair of growth factors for each target-defined population (n ϭ 770 mustard oilresponsive neurons). The percentage of TRPA1 responses potentiated by both NGF and ARTN (A, purple wedge), as well as by both NRTN and GDNF (F, lime wedge), is significantly higher in muscle neurons than either skin or colon ( p Ͻ 0.01; ANOVA with Dunnett's multiple-comparisontest).TRPA1responsespotentiatedbybothNRTNandNGF(B,brownwedge)aremostprevalentincolonneuronsand completelyabsentinskinneurons.Infact,amongskinneurons,onlythoseTRPA1responsespotentiatedbyARTN(A,D,E,pinkwedge)are alsopotentiatedbyanothergrowthfactor,withtheexceptionofGDNF,whichhadnoeffectonTRPA1responsesinthispopulation.Overlap betweenNGFandGDNFpotentiationofTRPA1isalsogreatestincolonafferents(C,turquoisewedge).Interestingly,eventhoughnearlyall TRPA1responsesincolonneuronsarepotentiatedbyeitherARTN(E,pinkwedge)orGDNF(greenwedge)alone,noTRPA1responsesinthis population are potentiated by both growth factors in the same neuron.
gardless of their target tissue. Previous studies have shown that the same receptors and channels are commonly expressed by afferents innervating different structures and that the functional characteristics of these receptors and their modulation following inflammation or injury vary with the peripheral target of the afferent. For example, Oyelese and Kocsis (1996) reported significant differences in GABA conductance between skin and muscle afferents, both before and after nerve crush. Similarly, Gold and Traub (2004) reported significant differences in colon and skin afferents, including action potential threshold, rheobase, and sensitization by prostaglandin E 2 . Together with the data presented here, this suggests that, to thoroughly understand the mechanisms underlying primary afferent sensitivity, one must take into account receptor/channel expression as well as the peripheral target of the afferent.
